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1  | INTRODUC TION
Acute	infections	that	increase	host	mortality	garner	broad	interest.	
By	virtue	of	 their	pathogenicity,	 they	can	 locally	 threaten	species	
persistence	(Frick	et	al.,	2015;	McCallum,	2012)	and	trigger	distur-
bances	that	reverberate	through	the	ecosystem	(Holdo	et	al.,	2009;	
Hollings,	 Jones,	Mooney,	&	Mccallum,	 2013).	 By	 comparison,	 the	
effects	 of	 chronic	 infections	 are	 understudied.	 Parasites	 of	 low	
pathogenicity	certainly	have	the	potential	 for	population-	level	ef-
fects	(McCallum,	1994),	but	isolating	the	effects	of	chronic	disease	
from	 other	 environmental	 stressors	 requires	 intensive	 long-	term	
study	(Cross	et	al.,	2009;	Gorsich,	Ezenwa,	Cross,	Bengis,	&	Jolles,	
2015;	Jolles,	Cooper,	&	Levin,	2005).	Chronic	diseases	may	impact	









means	of	 transmission,	 being	 abortion	 (Thorne,	Morton,	Blunt,	&	
Dawson,	1978).	In	the	GYE,	brucellosis	is	caused	by	the	bacterium	
Brucella abortus	and	is	routinely	detected	in	elk,	bison	(Bison bison),	






2017),	 and	 limited	 captive	 trials	with	 elk	 in	 the	 1970s	 suggested	
that	major	 reproductive	 costs	were	 limited	 to	 the	 firstyear	 post- 
infection	(Thorne	et	al.,	1978).	More	recently,	Oldemeyer,	Robbins,	
and	Smith	 (1990)	observed	nonsignificant	declines	 in	calf	produc-
tion	 by	 seropositive	 female	 elk,	 while	 Foley,	 Cross,	 Christianson,	












the	 relative	 influences	 of	 top–down	 and	 bottom–up	 mechanisms	
on	 elk	 productivity	 and	 abundance	 (Creel,	 Christianson,	 Liley,	 &	
Winnie,	2007;	Mech,	Smith,	Murphy,	&	MacNulty,	2001;	Middleton,	
Kauffman,	McWhirter,	 Jimenez	 et	al.,	 2013;	 Proffitt,	 Cunningham,	
Hamlin,	&	Garrott,	2014;	White	et	al.,	2011).	Reduced	elk	pregnancy	








versially,	 studies	 have	 attributed	 herd-	level	 variation	 in	 elk	 preg-

















have	 been	 focal	 points	 for	 brucellosis	 contagion	 (Figure	 1).	 In	 the	
Wyoming	portion	of	 the	 southern	GYE,	 there	are	23	 feedgrounds	
operating	 annually	 and,	 at	 times,	 local	 seroprevalence	 can	 reach	
as	 high	 as	 60%	 (Cotterill	 et	al.,	 2018).	 With	 such	 high	 exposure,	
one	 might	 expect	 that	 abortions	 should	 be	 frequent	 and	 readily	
observed,	 but	 on	 average,	 fewer	 than	 two	 fetuses	were	 detected	
annually	over	a	50-	year	period	(Cross	et	al.,	2015).	Because	of	the	

















pregnancy	 rates	 and	 brucellosis	 serology	 for	 elk	 in	 free-	ranging	
herds	that	attended	supplementary	feedgrounds	 in	the	GYE	span-
ning	 two	 decades.	 Contrary	 to	 the	 conventional	 assumption	 that	










2  | MATERIAL S AND METHODS
2.1 | Study area and data collection

















Age	ranged	 from	1½	to	19½	years	at	 the	 time	of	capture	and	was	
determined	either	through	recapture	of	animals	marked	as	calves	or	
yearlings	(when	elk	are	morphologically	distinct,	n	=	824)	or	through	










The	 collection	 of	 serological	 data	 from	 GYE	 elk	 has	 been	 de-
scribed	elsewhere	(Cross,	Edwards,	Scurlock,	Maichak,	&	Rogerson,	




Services	 Laboratories	 protocols.	 Serological	 profiles	were	 catego-
rized	using	the	United	States	Department	of	Agriculture’s	brucellosis	
eradication	 uniform	methods	 and	 rules	 for	 cervids	 (APHIS	 91-	45-	
013),	 resulting	 in	 a	 binary	 (seronegative	 or	 seropositive)	 determi-
nation.	 In	a	 secondary	analysis,	 fluorescent	polarization	 (FP)	assay	
results	(in	millipolarization	units)	were	included	as	a	continuous	vari-
able	(Gall	et	al.,	2001).
Pregnancy	 status	 was	 determined	 either	 by	 transrectal	 ultra-
sound	at	the	time	of	capture	(n	=	260)	or	a	blood	test	for	pregnancy-	












develop	a	titer	 (test	seropositive	following	exposure),	 it	 is	not	per-
fectly	clear	whether	the	change	in	seroprevalence	at	a	site	from	the	
previous	year	(t−1	to	t)	or	the	change	from	2	years	previous	(t−2	to	
t−1)	 should	be	 a	 stronger	 predictor	 of	 current	 year	 (t)	 calf	 counts.	
Therefore,	we	tested	both,	along	with	seroprevalence	in	the	previ-
ous	year	(t−1)	and	2	years	prior	(t−2).














age-	and	year-	specific	offsets,	 respectively.	Let	β0	 represent	 the	
regression	 coefficient	 associated	with	 a	 dummy	 variable	 for	 se-
rostatus,	si,	where	additional	age-	varying	effects	of	serostatus	are	
represented	as	βj.	 In	a	post	hoc	analysis,	we	also	tested	for	year-	
varying	 effects	 of	 serostatus,	 represented	 as	βk.	 Let	 ɣ	 represent	
the	regression	coefficient	associated	with	the	dummy	variable	for	
pregnancy	 test	 method,	mi.	 Thus,	 the	 model	 including	 all	 terms	
takes	the	form:	
logit(pijk)=훼0+훼jk+ (훽0+훽jk)si+훾mi










by	 early	 abortions	 occurring	 prior	 to	 March,	 then	 the	 probabil-
ity	of	pregnancy	should	have	decreased	over	our	sampling	period.	





Within	 1,236	 records,	 there	 were	 869	 unique	 individuals.	
Individual	was	not	 included	as	 a	 variable	 in	our	pregnancy	models	
because	 relatively	 few	 animals	 were	 recaptured	more	 than	 twice.	
However,	these	longitudinal	data	provided	an	additional	opportunity	
to	test	the	hypothesis	that	infected	animals	recover	from	the	fertility	
consequences	of	 brucellosis	 and	 that	 any	 reductions	 in	 pregnancy	
probability	attributed	to	serostatus	would	disappear	over	time.	For	




since-	infection	 or	 fluorescent	 polarization	 (FP)	 assay	 values	 (when	
available)	were	 significant	predictors	of	pregnancy	status.	We	also	
regressed	time-	since-	infection	against	FP	values	to	test	whether	our	
data	 support	 the	belief	 that	FP	values	decline	 in	 individuals	 as	elk	
lose	detectable	Brucella	antibodies	over	time	(Benavides	et	al.,	2017).
For	four	feedgrounds	with	the	most	consistent	serologic	test-
ing	 effort	 over	 time,	we	generated	 smoothed	 seroprevalence	es-






offsets,	αj,	 and	a	 fixed	effect,	β,	 for	a	particular	 serologic	param-






















priors	with	 a	mean	of	 zero,	 and	 standard	 deviations	which	were	
drawn	from	a	half-	Cauchy	distribution	with	a	location	parameter	of	
zero	and	scale	parameter	of	2.	All	other	effects,	including	serosta-
tus,	 pregnancy	 test	 method,	 time-	since-	infection,	 and	 FP,	 were	
given	weakly-	informative	normal	 priors	with	 a	mean	of	 zero	 and	
standard	deviation	of	10.	For	models	which	featured	varying	inter-
cepts	and	slopes	for	the	age-	and	year-	varying	effects	of	serosta-


























.	 Standard	 deviations	 were	















Model Formula Intercepts Slopes
1 logit(pi)	=	α0 + β0si + γmi Fixed Serostatus;	method
2 logit(pik)	=	α0 + αk + β0si + γmi Year-	varying Serostatus;	method
3 logit(pij)	=	α0 + αj + β0si + γmi Age-	varying Serostatus;	method
4 logit(pij)	=	α0 + αj	+	(β0 + βj)si + γmi Age-	varying Age-	varying	serostatus;	method
5 logit(pijk)	=	α0 + αjk + β0si + γmi Age-	and	year-	varying Serostatus;	method
6 logit(pijk)	=	α0 + αjk	+	(β0 + βj)si + γmi Age-	and	year-	varying Age-	varying	serostatus;	method
7a logit(pijk)	=	α0 + αjk	+	(β0 + βjk)si + γmi Age-	and	year-	varying Age-	and	year-	varying	serostatus;	method
aModel	7	was	added	post	hoc	to	test	for	a	significant	disease	by	year	interaction.	
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All	 models	 were	 fit	 in	 R	 version	 3.3.3	 (R	 Core	 Team,	 2016)	









3.1 | Effects of serostatus, test method, age and 
calendar day
Disease	exposure	 status	was	 the	 single	best	 predictor	of	 pregnancy	
in	all	of	our	models.	Age	was	not	by	itself	a	strong	predictor,	but	was	
important	after	accounting	for	disease	status.	Pregnancy	test	method	








































for	 the	 effect	 of	 time-	since-	infection	 were	 near	 zero,	 and	 these	
Model WAIC pWAIC dWAIC Weight SE dSE
6 963.7 21.9 0.0 0.55 43.20 NA
7 964.1 25.4 0.4 0.45 43.25 1.71
5 977.3 19.5 13.5 0 43.12 7.69
4 989.0 8.2 25.2 0 44.02 11.28
3 1,003.3 6.0 39.5 0 44.00 13.67
2 1,018.3 16.0 54.6 0 43.05 16.59
1 1,042.4 2.9 78.7 0 43.42 19.09
Note.	Model	6,	including	age-	and	year-	varying	intercepts,	age-	varying	effect	of	serostatus,	and	ef-
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in	 seroprevalence	 from	 years	 t−1	 to	 t	 had	 a	 negative	 association	
with	the	number	of	calves	counted	per	100	female	elk	in	year	t,	and	
credible	 intervals	did	not	overlap	zero.	Neither	the	seroprevalence	
at	 year	 t−2	 nor	 at	 t−1	 exhibited	 a	 statistically	 significant	 associa-
tion	with	 calves	per	100	 females.	Allowing	 site-	varying	 intercepts	
reduced	WAIC,	but	Akaike	model	weight	was	distributed	across	six	
of	the	eight	models	and	none	appeared	to	be	a	particularly	good	fit	
to	the	data	 (Supporting	 information	Appendix	S4).	All	 four	models	
including	 the	 “change	 in	 prevalence”	 predictors	 provided	 similar	
estimates.	The	top	model	predicts	that	 for	one	standard	deviation	
increase	in	prevalence	from	year	t−2	to	t−1	 (approximately	6%)	1.6	
fewer	calves	per	100	adult	 female	elk	would	be	counted	 in	year	 t 
(89%	HPDI	=	−0.31,	−2.79).
4  | DISCUSSION







elk.	We	 also	 found	evidence	 that	 this	 hidden	 reproductive	 cost	 is	
long-	lived.	It	is	uncertain,	however,	how	this	might	influence	popula-
tion	growth,	in	part	because	the	mechanisms	by	which	the	disease	
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The	 estimated	 overall	 effect	 of	 reduced	 pregnancy	 on	 repro-












(see	 Supporting	 information	 Appendix	 S3).	 Similar	 reductions	 in	





A	 24%	 reduction	 in	 reproductive	 output	 is	 substantial,	 but	 a	
few	 caveats	 must	 be	 considered.	 That	 value	 applies	 to	 seroposi-
tive	females	and,	with	periodic	exceptions,	 it	 is	the	minority	of	elk	
within	 any	 given	 herd	 in	 our	 study	 area	 that	 test	 seropositive	 for	
brucellosis	 (Cotterill	 et	al.,	2018).	Except	 in	herds	with	particularly	
high	 seroprevalence,	 the	 expected	 decline	 in	 pregnancy	 probabil-












rates	 are	 depressed	 for	 other	 reasons,	 the	 reproductive	 costs	 of	
brucellosis	further	compound	low	productivity.	While	we	did	detect	




in	 smoothed	 seroprevalence	 estimates	 are	 imprecise.	 A	 thorough	
accounting	of	other	variables	that	influence	recruitment	to	calfhood	
was	simply	beyond	the	scope	of	this	study.
The	mechanism	 behind	 the	 observed	 reductions	 in	 pregnancy	
remains	unidentified.	Robust	longitudinal	data	would	add	to	our	un-
derstanding	of	 the	 cause,	 but	 are	 costly	 and	difficult	 to	 obtain.	A	
captive	study	would	be	ideal,	but	is	ruled	out	in	the	United	States	by	
the	Select	Agent	Status	imposed	on	live	Brucella	cultures	(National	
Academies	 of	 Sciences,	 Engineering,	 and	 Medicine,	 2017).	 We	
were	unable	 to	 resolve	this	 issue,	but	our	analysis	of	 the	available	
repeat-	capture	data	suggests	 that	 female	elk	 incur	 longer-	term	re-
productive	 consequences	 of	 this	 disease	 than	 previously	 thought.	




dometrium	 (endometritis)	 has	 been	 described	 across	 the	 Brucella 
genus	 in	 other	 hosts,	 which	 could	 interfere	 with	 implantation	
(Enright,	1990;	Meador	et	al.,	1988;	Rhyan	et	al.,	2009;	Verma	et	al.,	
2000).	Although	this	seems	a	plausible	biological	cause,	it	does	not	
fit	well	with	 the	 large	effect	 in	2-	year-	olds,	most	of	which	are	ex-
pected	to	be	pregnant	for	the	first	time.
These	 findings	 complicate	 studies	 of	 GYE	 elk	 which	 have	











might	 provide	 an	 excellent	model	 system	 in	which	 to	 study	 the	
fitness	consequences	of	disease	and	the	evolution	of	disease	re-








of	brucellosis	on	elk	 fitness	 should	drive	 selection	 for	 increased	
resistance	or	tolerance.	Whereas	CWD	is	eventually	fatal	for	elk	








of	a	dilemma.	First,	 elk-	cattle	 transmission	 risk	 is	 reduced	by	 the	
spatial	separation	achieved	by	feedgrounds	(Brennan	et	al.,	2017),	
but	 feedgrounds	 increase	 elk–elk	 transmission	while	maintaining	
high	 local	prevalence	 (Cross	et	al.,	2007)	and	serving	as	a	 source	
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higher	reported	pregnancy	rates	for	Rocky	Mountain	populations	
(Raithel	 et	al.,	 2007).	 Consequently,	 at	 the	 scale	 of	 the	GYE,	 the	
overall	 effect	 of	 brucellosis	 on	 population	 growth	 appears	 be-
nign	 under	 normal	 conditions	 for	 nutritionally	 supplemented	 elk.	
Closing	 feedgrounds	 while	 brucellosis	 prevalence	 is	 high	 might	
result	 in	 poor	 recruitment	 in	 the	 near	 term,	 particularly	 if	 nutri-
tional	supplementation	has	been	offsetting	disease	costs.	Because	











reproductive	 costs	 could	 cause	 over-	estimates	 of	 the	 effects	 of	
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